glow observations. Walterscheid et al. [1999] suggested that ducting of waves from the extensive region of deep cumulous convection over northern Australia explained the strong poleward directionality seen in the summer months.
The present study suggests that propagation from northern Australia is selective and ducted waves from this region may not be the primary source of waves over Adelaide when convection is occurring over central Australia.
(c)2004TheAerospaceCorporation.
Introduction
Since the first mesopause region airglow imaging observations about 30 years [Peterson and Kieffaber, 1973] many of the observed structures have been attributed to the passage of atmospheric gravity waves (AGWs) that are generated in the troposphere and propagate upwards to the upper mesosphere and lower thermosphere [Moreels and Herse, 1977; Hecht et al., 1995; Swenson et al., 1995; Taylor et al., 1995; Nakamura et al., 1999; Smith et al., 2000] . Passage of these waves through the airglow emission layer in the mesopause perturbs the neutral density and temperature which subsequently perturbs the airglow emission. Images of the airglow when AGWS are present show bright and dark regions that, when seen in a time sequence, appears as a series of wave-like structures moving across the sky.
It is not clear exactly what are the dominant source of the AGWs observed in the airglow images. A general picture of AGWs generated in the troposphere include primarily orographic production (flow of air over large mountains) or dynamical production associated with intense convective activity [Wang and Geller, 2003] . Many of the airglow observations to date are at sites that could be seeing AGWs generated from either source.
However, many of the observed AGWs have short horizontal wavelengths suggesting they should originate only a few hundred kilometers from the observing site. Thus, in many cases there is no obvious source for the observed AGWs.
Several recent studies have examined this second point and concluded that many of the AGWs observed by airglow imagers are ducted over distances of one to two thousand kilometers [Walterscheid et al., 1999; Hecht et al., 2001a] . The Walterscheid et al. [1999] D R A F T March 3, 2004, 6:53pm D R A F T study is particularly interesting as they reported on nine months of airglow observations at Adelaide Australia from April 1995 to January 1996, a period encompassing the summer monsoon period in Northern Australia. AGWs were observed to come mainly from the north to north west, a direction devoid of any large mountains and a region that is often quite dry in the spring and summer. They hypothesized that the AGWs were being generated by the intense convective activity that occurs near Darwin in November and
December every year. This, however, means that these AGWs travelled nearly 3000 km, an event only likely if they were ducted. Walterscheid et al. [2001] showed theoretically that deep tropical convection, such as is found in the Darwin area, can indeed populate the lower thermosphere with fast short wavelength AGWs.
A second study further investigated the ducting hypothesis using data from a site in Illinois also far distant from large mountains [Hecht et al., 2001a] . The primary directionality around (Northern Hemisphere) summer solstice was of AGWs being generated from the south and southwest away from larger mountain ranges but consistent with generation by convective sources. These waves were hypothesized to have been ducted although simple modelling suggested that ducting may only be effective over somewhat shorter distances of 1000 to 2000 km. If accurate this would cast some doubt that the waves seen Adelaide routinely originated near Darwin.
The Darwin Area Wave Experiment (DAWEX) was conceived as an effort to study AGW production in the troposphere and stratosphere by (a) the nearly daily convective event known as "Hector" that occurs over the Tiwi islands just north of Darwin during the November pre monsoon buildup, and (b) the regular monsoon activity that occurs over Darwin area in December [Hamilton et al., 2004] . those observations sites were analyzed in order to determine if any of the AGWs seen in those instruments can be attributed to any specific weather activity in general, and to the convective activity which was the focus of DAWEX in particular.)
Experimental Instrumentation And Technique
The unique observational data reported on in this work are the combined airglow imager data obtained at Alice Springs and Adelaide by the instruments described below. Groundbased weather data obtained by the Australian Bureau of Meteorology Research Center (BMRC) instruments and remote sensing weather data from the Japanese meteorological satellite are used in the interpretation of the imager data. While the sources for these latter data are more fully described in Hamilton et al. [2004] a brief summary of the instrumentation is given below. Wind and temperature data are obtained from a variety of sources including the two Medium Frequency (MF) radars deployed for DAWEX by the University of Adelaide. The details of the wind and temperature databases used in this paper are also described more fully in the overview paper of Hamilton et al. [2004] but will also be summarized below. The location of the important sites are shown in The data described in this paper originate from two nearly identical airglow imagers.
One was deployed at Buckland Park which is about 40 km north of Adelaide (3455S, 13836E), and a second at Alice Springs (2342S, 13353E) Australia. Buckland Park, also only the results from the Alice Springs and Buckland Park imagers will be discussed.
Airglow Imagers
The airglow instruments at Buckland Park (BP) and at Alice Springs (AS) are modified versions of the Aerospace CCD nightglow camera which was originally described by Hecht et al. [1994] . The modified version was described in Hecht et al. Office (UKMO) analysis was sufficient to provide wind and temperature data up to the stratopause. These data were extended to 100 km by using the wind climatology from the Upper Atmosphere Research Satellite (UARS) atmospheric reference project (URAP) [Swinbank and Ortland, 2003] . Atmospheric tides which are important above 70 km were incorporated by using the Global Scale Wave Model (GSWM00) [Hagen et al., 1999] .
This model was tuned so as to match the measured MF radar winds, during DAWEX, at LT, 0000 LT (1430 UT), and at 0600 LT, the middle time being close to the observations of AGW activity on several nights. For the purposes of the ray tracing discussion the wind and temperature fields were linearly interpolated to provide climatologies for times between the three listed above.
Other Meteorological Data Sets
Hamilton et al. [2004] discuss some of the data sets available for this study. In addition, BMRC produces daily maps of ground level rainfall over the Australian landmass obtained from rain gauges. Data used to produce those maps were overlaid on some of the AGW
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activity maps produced below in order to show potential regions of convective activity.
Rainfall is shown when it exceeds an arbitrary level here taken as 2.5 mm over 24 hours.
BMRC performs an operational analysis of the winds across Australia at different pressure levels. These can be used to determine the presence of supergeostrophic winds, a possible source of AGWs in the troposphere.
A third data source are the IR brightness temperatures measured from the Japanese Geostationary meteorological satellite (GMS). These are calculated with a pixel size of 4km by 4km from the two IR channels on the satellite and three hourly imagery has been used here. The brightness temperature gives a good measure of the height of the cloud tops for optically thick clouds.
Model Analysis
Since this work is concerned with possible sources of the AGWS seen in airglow images it is necessary to incorporate ray tracing techniques into the analysis. Ray-tracing techniques are used to computationally investigate the effects of background wind and temperature variation on gravity wave propagation. For waves with a dispersion relationship G(w, k,x,t) where w,x, k, and t are the frequency, position vector, time and wave number vector, respectively then the following equations describe the ray path and the refraction of the wave vector along the ray.
Equations 1-3 show how the ground-based group velocity, the wave vector, and the ground-based wave frequency are modified in the presence of winds and wind and temperature gradients.
Following Jones [1969] and Marks and Eckermann [1995] , the non-hydrostatic dispersion relation appropriate for gravity waves on a slowly varying background flow is expressed as
where,ω is the ground based wave frequency, ω i is the intrinsic wave frequency, k,l,m are the wave number vectors in the x, y, and z directions, f is the inertial frequency, N the Brunt Vaisala frequency, and H is the density scale height. From Equation 4 an expression for m, the vertical wave number, follows as
Equations 4 and 5 neglects a term ω 2 /c 2 , where c is the speed of sound, which is found in the more complete dispersion relation given in Gossard and Hooke [1975] . This is done for computational purposes but for the wave frequencies considered here this term is negligible. Furthermore, terms including f, the inertial frequency, are also negligible for the wave frequencies considered in this work. Equations 4 and 5 can then be used to
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derive via Equations 1-3, the motion of the wave packet through the atmosphere. For this work ray tracing was performed in two different modes.
First, the raytracing equations appropriate to non-hydrostatic gravity waves, as given in Appendix A of Marks and Eckermann [1995] , were used to trace wave packets from their source taken near 10 km to the airglow emission layer near 85 km or vica versa. In this case equation 3 above was not used as the time variations of the atmosphere were small. For each ray there was specified an initial longitude, latitude, altitude, a wave azimuth and a ground based horizontal phase speed. Group velocities were evaluated and were then used to calculate the rays paths. The vertical wavenumber, m, was chosen to be appropriate to w i so that the vertical group velocity is positive ensuring upward wave propagation of the wave energy. In order to cover the variety of typically observed wave parameters 1000 such rays were simulated with phase speeds of 30-70 m/s, horizontal wavelengths of 30-60 km, propagation azimuths between 135-165 degrees and wave periods in the range 8-30 minutes. These rays were launched at 0000 LT, 0600 LT and 1800 LT from a fixed point. This was done both in the forward direction (rays launched from Katherine at 10 km altitude and followed to 85 km altitude) and backwards (rays followed backwards in time from an observation at Alice Springs at 85 km altitude to a source region at 10 km altitude).
Second a simplified case also considered where once the ray reached 85 km the ray path was followed assuming the wave was trapped between layers of evanescence and only propagated horizontally. In the trapped region the wave packets are assumed to be freely significantly rotated the wave vector or significantly moved the wave packet closer to or further away from Alice Springs. While rigorously, this ignores the effects of winds at the boundaries where the waves are evanescent, these effects should be small since the packet spends most of the time in the free propagation region. Table 1 lists the convective events that occurred during IOP2 in the Katherine/Darwin area. These could potentially lead to AGW production in the upper troposphere which then propagate to the 85 km airglow observation region. However, these events are only part of the extensive tropospheric disturbances that occurred during IOP2 and IOP3.
Results and Discussion

Airglow Observations and Background Meteorology
Figures 3 through 8 place these into perspective by showing rainfall maps over the main Australian landmass during the 6 nights of airglow observations discussed in this paper.
11/16/01
This day was characterized by a strong Hector over the Tiwi Islands from 0400 to 0900
UT. The rainfall map shows extensive rainfall in the Katherine/Darwin area. However, there was also major rainfall on the northeastern coast as well as a storm in the waters off the southwest coast. This latter storm will be discussed below. The airglow observations were only from AS on this night. AGWs came over AS from the direction of Hector to the NNW, and from the SW. AGWs from the NNW only appeared for a brief period at the end of the observing period while those from the SW were present from 1200 to 1700
UT. 
11/19/01
The rainfall activity was similar to the previous night. Over Katherine there was squall line activity from 0800 to 1100 UT. At AS, AGWs were observed originating from the NNW from approximately 1600 to 1900 UT. Prior to that AGWs originated from the SE from 1345 to 1500 UT. At BP, AGWS came from the W from 1630 to 1800 UT and from the SW from 1800 to 1820 UT. Rain also occured on the southwest coast.
12/15/01
This was during IOP3 which was generally characterized by more monsoon like rainfall and sunset such strong westward winds do seem to be present. Alexander et al. [2004] however, specifically modelled AGW production on 11/17/01 over the Darwin area. They found that there were predominant NE and SE propagation directions which depended both on the tropospheric winds at the altitude of the wave forcing and the filtering by the tropospheric winds above that altitude. Thus, part of the directionality observed may also be influenced by the winds present in the troposphere.
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Typically airglow imager observations occurred between about 1030 and 1900 UT. However, AGWs originating from the NNW appeared generally towards the end of that period consistent possibly, as is shown below, with generation in the troposphere in the late afternoon over Katherine/Darwin. AGWs from the SW generally appeared earlier in the observation period. These presumably could originate from sources that occurred at more random periods throughout the day.
To investigate this further we provide a more detailed look at three events; a source for the observation of AGWs seen originating to the SW of AS on 11/16/01, and the source of AGWS originating from the NNW of AS on 11/17/01 and 11/19/01. These events were chosen not only because they represent the two predominant directionalities observed but because there are known isolated sources which may be the cause of the observations.
Wave Observations 11/16/01 UT and the Presence of SuperGeostrophic Winds
On 11/16/01 AGWs at AS were seen from 1230 to 1700 UT coming from the SW. This was the most extensive set of observations of AGWs coming from this direction during DAWEX and is even more interesting in that strong tropospheric weather occurred in that direction during this period. eastward over the region from which the AGWs were observed suggesting that this system was the origin of the observed AGWs. It is interesting to note that while rainfall occurred over the southwest portion of the Australian landmass on all four observation nights of IOP2 only on two nights were AGWs observed from this direction at Alice Springs and only on this night did observations occur for more than one hour. 
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flow had components of approximately equal magnitude both along the height contours, through the ridge, and normal to the height contour associated with the exit from the jet. These large amplitude ageostrophic motions means the flow is a long way from being balanced and thus may be conducive to the generation of gravity waves.
There have been a number of studies that reported on AGWs generated by ageostrophic motions [Plougonven et al., 2003; O'Sullivan and Dunkerton, 1995; Fritts and Luo, 1992] .
Typically, the periods for these AGWs were much longer than are reported in this study.
Data however, suggest that dynamical events associated with fronts and/or the jet stream are the source of short horizontal wavelength AGWs at least in the upper troposphere and lower stratosphere [Fritts and Nastrom, 1992] . A study of AGWs generated by large wind shears did show that the AGWs generated by such events would only reach the mesophere if their intrinsic frequency was high [Buehler et al., 1999; Buehler and McIntyre, 1999] .
While the data strongly suggest that these observed AGWs are indeed associated with this cutoff low system it is not clear as to their origin. The rainfall did not appear to be associated with any significant convective activity and other nights where there was significant rainfall (e.g. 11/18) did not produce observed AGWs at AS for any extended temporal period. However, the observed directionality of the AGWs on 11/16/01 is directly to the center of the rainfall maximum. While ageostrophic motions are also a candidate source the modeling to date indicates this would produce larger scale waves However as shown in Figure 14 cold cloudtops suggestive of convective activity appears at 0800 and 1100 UT in the Katherine area. Figure 15 shows a radar reflectivity map indicating that vigorous rainfall is associated with these clouds around Katherine. To investigate further whether AGWs launched from this event could be responsible for the observations of AGWs over AS beginning near 1600 UT ray traces were performed to trace back the origin in the troposphere, assuming no ducting, of AGWs seen over AS at 85 km altitude. Figure 16 shows the background wind and temperature field that a ray launched at 85 km passes through to reach 10 km altitude, i.e. a ray traced backwards in time. The other panels shows the AGW intrinsic periods and the x and y horizontal distances for the wave packet. Figure 17 shows a map of the ray paths. Clearly, consistent
with Walterscheid et al. However, calculations show that even those wave packets reach 85 km in under 3 hours so again these would not account for the AS observations where AGWs are not seen until about 1600 UT. Note that the strong southward wind decreases with time so that waves launched later would not suffer this reflection.
However, earlier studies such as Walterscheid et al. [1999] and Hecht et al. [2001a] suggested that once AGWs reached 85 km they were trapped in a leaky duct that allowed them to travel longer distances than implied by the ray traces shown in Figure 18 . 
Observations at BP and Monsoon Activity
As at AS there were many observations of AGWs originating from the NNW. The rainfall map on 12/15 and 12/16 for example, shows some rainfall occurring close to AS and between AS and BP, and these tropospheric weather systems may be responsible for the BP observations on those nights. However, on 11/19 there is no rainfall close to BP or even south of Katherine that could plausibly be the origin of the AGWs observed over BP.
These data do not resolve the question as to the origin of the AGWs seen over BP.
While it cannot be ruled out that these are generated by ageostrophic winds their horizontal wavelengths, as discussed previously, may be too short based on current models.
Previously, Walterscheid et al. [1999] suggested that ducting of waves from the extensive region of deep cumulous convection over northern Australia explained the strong poleward directionality seen in the summer months at BP. The analysis of Hecht et al. closer to BP would be favored . In general, attributing the BP observations to long-range ducting of AGWs generated by convective events over northern Australia in the late afternoon in accordance with the usual diurnal cycle of convection over land seems unlikely since the wave group velocities are too small to allow them to reach BP during the evening observation period. However, in the far north, AGWs may originate over water where the diurnal cycle can be reversed (e.g., nocturnal convection over coastal waters) or fairly weak (especially closer to the equator). Future coordinated observations are probably required to determine their origin.
It is also worth noting that even though there was extensive monsoon activity to the E and NE of BP on several nights AGWs were not seen from these directions,. The westward winds present at or below 80 m at sunrise and sunset may filter out the westward traveling waves.
Conclusions
The main results of this paper are the following. 2. An analysis of the waves seen over AS on 11/19/01 was consistent with those waves being generated by convective activity in the Katherine area around sunset. However, if that was the origin of the waves seen at AS then those waves must have been trapped or ducted.
3. An analysis of the waves seen over AS on 11/16/01 coming from the SW revealed no obvious strong convective source for those waves, although the AGWs clearly are associated with a cutoff low pressure system present over southwest Australia. While it is possible that they were dynamically generated by ageostropic winds associated with this low modeling studies to date suggest that such waves would have long horizontal wavelengths and periods inconsistent with our observations. 4. On several nights there was evidence of tropospheric weather between considerably south of Katherine, and sometimes between AS and BP, which may have been the source of the wave observations at BP. However, waves were seen at BP coming from the NNW on 11/19 even though was no obvious origin such as convective activity south of Katherine that could account for the observations. While it cannot be ruled out that these waves were (a) generated dynamically by ageostrophic winds or (b) convectively generated by activity over northern Australia or even closer to the equator, their origin is still unknown.
5. The lack of waves propagating westward suggests some wind filtering mechanism either in the troposphere or the mesosphere.
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